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A B S T R A C T
It has been described that febrile seizures during infancy increase risk of subsequent non-febrile seizures
during the adulthood. However, latency period between febrile seizure and the onset of the ﬁrst
spontaneous seizure has not been evaluated. The present study was designed to investigate the
susceptibility to subsequent seizures in immature rats that had experienced early-life hyperthermic
seizures and before they achieved the adult age. The results were compared with those induced by
hyperthermia alone. Pentylenetetrazol (PTZ) was applied 24 h or 20 days after hyperthermic seizures or
hyperthermia were induced in 10-day-old rats by a regulated stream of moderately heated air. One day
after hyperthermic seizures or hyperthermia, animals demonstrated enhanced latency to the PTZ-
induced myoclonic (88% and 53%, respectively), clonic (60% and 60%, respectively) and tonic seizures
(233% and 659%, respectively). The incidence of myoclonic and clonic seizures was similar to that in
control group (100%). However, hyperthermic seizures reduced (50%) the incidence of tonic seizures.
Twenty days after hyperthermic seizures there was an augmented latency to tonic seizures (123%) and
reduced incidence for all the PTZ-induced seizures (71% myoclonic; 71% clonic seizures; 57% tonic
seizures) when compared with control group (100%). In contrast, hyperthermia enhanced only the
latency to myoclonic (133%) and clonic seizures (659%). Our data indicate that hyperthermic seizures or
hyperthermia induces a protective effect against PTZ-induced seizures during a latency period. A
possible involvement of g-aminobutyric acid (GABA) system is discussed.
 2009 British Epilepsy Association. Published by Elsevier Ltd. All rights reserved.
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Febrile seizures are very frequent in early-life-stages of the
human being. They are classiﬁed within the special syndromes1
and are deﬁned as seizures during childhood, generally occurring
between 3 months and 5 years of age, associated with hyperther-
mia but without evidence of intracranial infection or history of
previous seizures.2 Epidemiological studies have revealed elevated
prevalence of febrile seizures during childhood (30–40%) in adults
with TLE.3,4
Data obtained from experimental models suggest that pro-
longed hyperthermia-induced seizures at postnatal period lead to
persistent increased inhibition in hippocampus.5 Interestingly, this
enhanced inhibition is also associatedwith enhanced hippocampal
excitability long-term, a situation that may facilitate the devel-
opment of epilepsy evident during adulthood and after a variable
latency period (few minutes to days after hyperthermic sei-
zures).6–10 Latency period represents a critical situation during* Corresponding author. Tel.: +52 55 54 83 28 59.
E-mail address: lrocha@cinvestav.mx (L. Rocha).
1059-1311/$ – see front matter  2009 British Epilepsy Association. Published by Else
doi:10.1016/j.seizure.2009.04.011which molecular and morphological changes can be associated
with the predisposition to subsequent seizures. Concerning this
situation, immature animals that had experienced hyperthermic
seizures at postnatal day 10 (P10) present an enhanced GABAA and
benzodiazepine (BDZ) receptor binding in speciﬁc brain areas, 24 h
and 20 days after the seizures.11 These receptor changes could be
associated with alterations in the brain excitability during this
developmental window.
In order to support this idea, the present study was aimed to
evaluate the expression and susceptibility to subsequent seizures
in immature rats that had experienced early-life hyperthermic
seizures at P10. We focused the analysis of changes during the
latency period (24 h and 20 days after seizures, P11 and P30,
respectively), during which we previously found enhanced GABAA
and BDZ receptor binding in different brain areas.11 The expression
and susceptibility to subsequent seizures were evaluated in rats at
ages of 11 and 30 days, developmentally equivalent to that of
infants and young children, respectively.12 We were interested in
the investigation of susceptibility to subsequent pentylenetetrazol
(PTZ)-induced seizures because this drug elicits its convulsant
effect by blocking g-aminobutyric acid (GABA)-mediated inhibi-
tion13 or impairment of GABA/BDZ-coupled chloride channelvier Ltd. All rights reserved.
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picrotoxin site avoiding GABA/BDZ-mediated effects.15
Finally, we also investigated whether hyperthermia per se was
able to modify PTZ-induce seizures. Hyperthermia-induced
changes were compared with those in animals exposed to
hyperthermic seizures.
2. Materials and methods
2.1. Animals
Ten pregnant female Sprague–Dawley rats were maintained
in standard animal house conditions at 22  2 8C, with 12-h light-
dark cycles and water and food ad libitum. The day of parturition
was considered as day 0. The offspring were mixed at birth
and then 10 animals, 5 males and 5 females, were assigned to
each mother rat. In this study, we used 10-day-old males and
females, since in a previous study we found no differences in
hyperthermia-induced effects between the two sexes.11 The Health
Research Coordination of the Mexican Social Security Institute
approved all the experimental procedures. The experiments were
carried out according to the Mexican Ofﬁcial Standard NOM-062-
ZOO-1999.
2.2. Experimental groups
(a) HS24h group (n = 10). Hyperthermic seizures were induced
using the model described previously by Baram et al.16 Brieﬂy,
10-day-old rats were placed at the bottom of a 3 L glass
container. A moderately warm air current was applied at a
distance of 50 cm above the animals. The container tempera-
ture wasmonitored using a digital thermometer in order to not
exceed 50 8C. Rectal temperature of animals was recorded
every 2 min. Hyperthermia (40–41 8C) was maintained for
30 min and seizures were induced for 20 min. Subsequently,
pup rats were placed on a cold surface for 15 min and returned
to the boxes to be rehydrated by their mothers. Twenty-four
hours after the onset of hyperthermic seizures, PTZ (80 mg/kg
dissolved in saline solution at a 0.1 mL/10 g volume) was i.p.
administrated. Immediately after injection, latency to the ﬁrst
myoclonic (whole-body twitch) and clonic (clonic spasms often
followed by stupor or unusual posturing) seizures aswell as the
establishment of the tonic component (tonic hindlimb exten-
sion) were evaluated for 1 h after PTZ injection according to
Yonekawa et al.17 Additionally, the number of animals showing
each seizure component was recorded. These evaluations were
performed by a blinded observer. At the end of the experi-
mental procedure, animals were sacriﬁced with an overdose of
penthobarbital.
(b) HS20d group (n = 10). Rats were manipulated as described
above except that PTZ was administered 20 days after HS.
(c) HYP24h group (n = 10). Animals were manipulated as
described above for HS24h group, except that penthobarbital
(30 mg/kg of body weight) was i.p. injected 30 min before the
application of hyperthermia in order to avoid hyperthermic
seizures.
(d) HYP20d group (n = 10). Pups were manipulated as described
above for HYP24h group, except that PTZ-induced effects were
evaluated 20 days after the application of hyperthermia.
One control group (n = 10) was maintained in parallel for each
experimental group exposed to hyperthermic seizures (CHS24h
and CHS20d, respectively) and hyperthermia (CHYP24h and
CHYP20d, respectively). Control animals were manipulated as
described above, except that they were not exposed to hyperther-
mia.2.3. Statistical analysis
The percentages of animals presenting myoclonic, clonic and
tonic seizures after PTZ administration were analyzed using a chi-
squared test in order to determine if the observed frequencies of
occurrence of seizures in experimental groups differ signiﬁcantly
from frequencies of occurrence in controls. Latency to different
behavioral PTZ-induced changes was analyzed using a two-way t
Student’s test in order to identify signiﬁcant differences between
control and experimental groups. Kolmogorof–Smirnov test
revealed that values from control and experimental groups were
normally distributed.
3. Results
3.1. Effects of hyperthermic seizures and hyperthermia
All animals from HS24h and HS20d groups experienced
hyperthermic seizures when they were exposed to moderately
warm air current, according to the protocol previously described.
During hyperthermic seizures, rats showed suction movements,
unilateral ﬂexion of the body and nibbling, occasionally followed
by clonic and swimming movements. Animals from HS24h group
presented 15  2 hyperthermic seizures during the experimental
procedure, while those in HS20d group experienced 16  3
hyperthermic seizures. Animals pretreated with penthobarbital
(HYP24h and HYP20d groups) presented hyperthermia but remained
anesthetized during the exposure to the warm air current. Mortality
did not occur at any time after hyperthermic seizures or hyperther-
mia.
Handling at the time of PTZ administration (24 h and 20 days
after manipulation) revealed no changes in the behavioral
excitability of rats exposed to hyperthermic seizures or hyperther-
mia at the age of 10 days. In addition, the weight of experimental
animals was similar to controls suggesting a normal development.
3.2. PTZ-induced seizures in control groups
PTZ administration provoked seizures in all control animals
(100%) (Fig. 1). CHS24h and CHS20d groups showed myoclonic
seizures at 0.76  0.12 min and 1.06  0.03 min, respectively; clonic
seizures at 1.34  0.06 min and 1.18  0.04 min, respectively; and
tonic seizures at 16.7  3 min and 15.5  1.5 min, respectively.
CHYP24h and CHYP20d groups presented myoclonic seizures at
1.28  0.06 min and 1.02  0.1 min, respectively; clonic seizures at
2.93  0.3 min and 1.44  0.1 min, respectively; and tonic seizures at
6.47  0.4 min and 17.3  0.5 min, respectively (Fig. 2).
3.3. PTZ-induced seizures after hyperthermic seizures
All the animals (100%) from HS24h group presented myoclonic
and clonic seizures, but only 50% underwent tonic seizures (Fig. 1).
In contrast with control group, HS24h group showed a signiﬁcantly
increased latency to present myoclonic (88%), clonic (60%) and
tonic seizures (233%) after PTZ administration (Fig. 2).
When comparedwith CHS20d group, the percentage of animals
from HS20d group presenting myoclonic (71%), clonic (71%) and
tonic (57%) seizures was signiﬁcantly lower (Fig. 1). HS20d group
presented latencies to myoclonic and clonic seizures similar to
those in CHS20d group, but an enhanced latency to tonic seizures
(123%) (Fig. 2).
3.4. PTZ-induced seizures after hyperthermia
All the animals exposed to hyperthermia (HYP24h and HYP20d
groups) (100%) presented myoclonic, clonic and tonic seizures
Fig. 1. Percentage of animals presenting PTZ-induced myoclonic (upper panels),
clonic (medium panels) and tonic seizures (lower panels), 24 h (left panels) and 20
days (right panels) after hyperthermic seizures (HS), hyperthermia (HYP) or
manipulation (CHS and CHYP, respectively). *p < 0.05 following X2 test.
Fig. 2. Latency inmin to the PTZ-inducedmyoclonic (upper panels), clonic (medium
panels) and tonic seizures (lower panels), 24 h (left panels) and 20 days (right
panels) after hyperthermic seizures (HS), hyperthermia (HYP) ormanipulation (CHS
and CHYP, respectively). The values represent the average  EE of 10 animals per
group. *p < 0.05 following t-test.
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control groups (Fig. 1).
Regarding latencies to different PTZ-induced changes, animals
from HYP24h group showed enhanced latencies to myoclonic
(53%), clonic (63%) and tonic seizures (714%), whereas the HYP20d
group showed a signiﬁcant increase in latencies to myoclonic
(133%) and clonic seizures (659%), but no changes in latency to
tonic seizures (Fig. 2).
4. Discussion
The present study shows that pre-exposure to hyperthermic
seizure or hyperthermia alone in immature rats reduces the
incidence and enhances latencies to subsequent PTZ-induced
seizures during a latency period. These protective effects are
similar to the endured protective effects produced by the pre-
exposure to seizures18,19 or transient hyperthermia20 in adult
animals.
Several studies support excitatory effects during adulthood
induced as consequence of hyperthermic seizures during early-
life.6–10,21 However, protective effects found in the present study
may be restricted to immature and young animals during latency
period.
The immature brain presents a high tendency for ictal
activity,4,22,23 a situation correlated with a GABA-mediated
excitation.24 In the present study, we found an enhanced latency
and reduced incidence of PTZ-induced seizures of immature rats
during the latency period after hyperthermia-induced seizures,
effects that correlate with increased GABAA and BDZ receptor
binding in several brain areas.11 These results agree with the
notion that a lower proportion of immature animals exposed to
status epilepticus develop spontaneous seizures when they
achieve the adulthood,25–27 an effect associated with increased
BDZ-receptor binding.28 These evidences suggest that during the
latency period after hyperthermic seizures, the immature brain
presents enhanced GABA-mediated inhibition that protects from
subsequent PTZ-induced seizures.29 The mechanisms of GABA-
mediated inhibition in the immature brain are difﬁcult to explain,
but it can be hypothesized that seizure-induced excessive
neuronal activity promotes maturation of GABAA receptors. Other
mechanisms could be involved in the protective effects detected
during latency period, such as the increased inhibitory synaptic
transmission produced in hippocampus after hyperthermic
seizures in the immature rat,5 or the phenomenon called cerebral
tolerance, characterized by transient resistance of the brain to
subsequent damage by the same or different stimuli.30
We found enhanced latencies to all PTZ-induced seizure
components 24 h after both, hyperthermic seizures and hyperther-
mia. In contrast, at 20 days interval, increased latencies to
myoclonic and clonic seizures were detected after hyperthermia,
whereas hyperthermic seizures augmented the latency to tonic
seizures and reduced the number of animals presenting PTZ-
induces seizures. It is known that myoclonic and clonic seizures
induced by PTZ result from activation of forebrain structures,
whereas tonic extension is mediated by the diencephalon and
brainstem.17,31–33 Therefore, the difference in long-term effects
observed in the present study could be explained because
hyperthermic seizures and hyperthermia can affect distinct
neuroanatomical structures involved in PTZ-induced seizures.
Additional research is necessary to support this idea.
An important ﬁnding from the present study was that
hyperthermia per se was able to enhance latency for subsequent
PTZ-induced seizures. In the immature brain, hyperthermia alone
decreases inhibition in hippocampus,34 triggers seizures in
vivo,35,36 induces epileptiform activity in vitro37 and inhibits
GABAergic synaptic transmission.38 However, other studies
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induced hyperthermia.39 It is possible that hyperthermia has both
inhibitory and excitatory effects, and functional consequences of
the imbalance between inhibition and excitation may depend on
different factors that should be investigated in future studies.
Gender differences exist concerning proliferation and survival
of dentate gyrus cells born after early-life hyperthermic-induced
seizures in rats. These differences are evident at the age at which
the rats have attained sexual maturity (P66), but not at early
ages.40 In the present study, we did not ﬁnd gender differences in
the susceptibility to subsequent PTZ-induced seizures at P11 and
P30 in animals previously exposed to hyperthermic seizures
during early-life (P10) (data not shown). However, we cannot
discard gender differences when male and female animals achieve
the adulthood.
In the samewayas lithium–pilocarpine41 andkainate42 induced-
status epilepticus, after seizures the immature brain presents a
latency period that may involve enduring changes at molecular,
receptor and functional levels43,44 contributing to the epileptogen-
esis process. The relevance of thepresent study is thedemonstration
that during a latent period and under our experimental conditions,
animals exposed to hyperthermic seizures and hyperthermia show
reduced susceptibility to subsequent PTZ-induced seizures. Future
studies should be performed to determine the substrates and
mechanisms involved in these alterations and their relevance on
seizure susceptibility during adulthood.
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